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ABSTRACT OF THESIS 
 
 
 
 
TUNABLE LASER INTERROGATION OF 
SURFACE PLASMON RESONANCE SENSORS 
 
 
 
Surface plasmons are bound TM polarized electromagnetic waves that propagate 
along the interface of two materials with real dielectric constants of opposite signs.  
Surface plasmon resonance (SPR) sensors make use of the surface plasmon waves to 
detect refractive index changes occurring near this interface. For sensing purposes, this 
interface typically consists of a metal layer, usually gold or silver, and a liquid dielectric. 
SPR sensors usually measure the shift in resonance wavelength or resonance angle due to 
index changes adjacent to the metal layer. However this restricts the limit of detection 
(LOD), as the regions of low slope (intensity vs. wavelength or angle) in the SPR curve 
contain little information about the resonance. This work presents the technique of 
tunable laser interrogation of SPR sensors. A semiconductor laser with a typical lasing 
wavelength of 650nm was used.  A 45nm gold layer sputtered on a BK7 glass substrate 
served as the sensor. The laser wavelength is tuned to always operate in the region of 
highest slope by using a custom-designed LabVIEW program. It is shown that the 
sensitivity is maximized and LOD is minimized by operating around the region of high 
slope on the SPR curve. 
KEYWORDS: Surface Plasmon Resonance (SPR), Wavelength Tuning, Sensitivity, 
Limit of Detection, Optical Sensor 
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CHAPTER 1: INTRODUCTION 
 
Surface Plasmon Resonance (SPR) has become an extensively used sensing technique 
both practically and commercially in physical, chemical and biological investigations, 
due to the advantageous features such as high sensitivity to surface effects, real-time 
detection and analysis, high speed measurements and label free detection [1]. 
A conventional SPR sensor measures the shift in resonance wavelength (wavelength 
interrogation) or resonance angle (angular interrogation) with changes in refractive index 
as shown in Figure 1.1 and Figure 1.2. 
 
Figure 1.1: Reflectance vs. wavelength (nm) for a single-mode SPR sensor for refractive 
index change from n = n0 (blue) and n = n0 + 0.001 (red), θ = 69°, gold film = 45nm, 
solution is water. 
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Figure 1.2: Reflectance vs. angle (degrees) for a single-mode SPR sensor for refractive 
index change from n = n0 (blue) and n = n0 + 0.001 (red), λ = 650nm, gold film = 45nm, 
solution is water. 
  
However, the regions of low slope in the SPR curve contain very little information about 
the resonance. So, much of the light used in angular and wavelength interrogation of SPR 
sensors is wasted. This limits the sensitivity and limit of detection for SPR sensors. 
Different laser interrogation techniques have been proposed previously wherein the 
reflected light intensity is measured as a function of time or refractive index. They are 
mainly based on SPR imaging [2].  Piliarik et. al. used a laser diode (λ=633nm) and 
polarization contrast scheme for inherent compensation of variations in light level [3]. 
Zybin et. al. presented a dual-wavelength measurement scheme, based on the use of two 
laser diodes with different wavelengths, and measuring the intensity at the two 
wavelengths [4].  
 
3 
The shape of the SPR curve is important for precise and accurate measurements [5]. It is 
crucial to consider the region of operation on the SPR curve when determining sensitivity 
and limit of detection. We propose that, if all the light is put at one wavelength and angle 
using a laser source, that is, in the region of highest slope, the limit of detection and 
sensitivity can be improved.  
But, there are limitations in using a laser for SPR measurements, such as intensity drift of 
laser, fluctuations in laser power, variations in laser polarization and mode hopping of 
laser. This thesis work addresses these issues and presents techniques to overcome them.  
The presented work would also be advantageous for waveguide SPRs that cannot be 
coupled using white light. 
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CHAPTER 2: FUNDAMENTALS OF OPERATION 
 
2.1. History of Surface Plasmon Resonance 
Sharma et al. and Homola et al. have provided a detailed history of surface plasmon 
resonance [6,1]. It is summarized in this section with reference to the original papers.  
As early as 1907, Zenneck [7] and in 1909, Sommerfeld [8] demonstrated and formulated 
the existence and properties of radio frequency surface Electromagnetic (EM) waves at 
the interface of a loss-free medium and a “lossy” dielectric, or a metal.  The main stride 
towards the existence of Surface Plasmon (SP) waves was made in 1957, when Ritchie 
derived the energy distribution of a fast electron losing energy to the conduction electrons 
in a metallic foil and proposed that the energy loss is due to the surface plasmon 
excitation [9]. Ritchie’s theory was further supported by Powell and Swan (1960) by 
detecting the excitation of surface plasmons in aluminum and magnesium through the use 
of electrons [10]. Their work was followed by Stern and Ferrell, who in the same year 
derived the condition of resonance for surface plasmon modes and showed that the 
surface waves involved electromagnetic radiation coupled to surface plasmons [11].  
In 1968, Otto introduced the method of attenuated total reflection (ATR) for resonant 
excitation of surface plasmon waves by light [12]. His idea involved using a prism near 
the metal vacuum interface, so that the surface plasmon waves are excited optically by 
the evanescent waves present in total reflection.  However, the most popular and widely 
used method till now is the Kretschmann configuration proposed in 1968 [13]. The 
Kretschmann configuration made the practical and commercial use of surface plasmon 
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resonance (SPR) possible.  Instead of a finite air gap between the prism base and the 
metal substrate as in Otto configuration, a thin metal layer (10nm-100nm) is kept in 
contact with the prism base. 
The prospects of surface plasmon resonance (SPR) sensing in the field of thin film 
characterization and  monitoring electrochemical interfaces, were further realized with 
the work from Pockrand et al. and Gordon et al. [14,15]. During the early 1980’s, 
Nylander et al., and Liedberg et al. demonstrated the use of SPR for gas-detection and 
bio-sensing [16-18]. From that time onwards, the surface plasmon resonance technique 
has been in wide-spread use for characterization and quantization of physical, chemical 
and biological interactions. Since 1990, several companies have launched the surface 
plasmon resonance biosensors commercially [1]. 
 
2.2. Concept of Surface Plasmon Resonance Sensors 
Charge density oscillations occur at a metal-dielectric interface. These oscillations are 
called as surface plasma oscillations. Surface plasmon (SP) is the quantum of these 
plasma oscillations. Surface plasmon is also called as a surface plasmon wave or a 
surface plasmon mode [6]. Thus, surface plasmon waves are propagating electron charge-
density waves occurring at the interface of a metal and a dielectric. The SP waves are a 
transverse magnetic, TM wave (p-polarized or longitudinal), that is the magnetic vector is 
perpendicular to the direction of propagation of SP waves and parallel to the plane of 
interface.  
 
6 
When light is passed from a media of higher refractive index to a media of lower 
refractive index, part of the light is reflected and the other part is refracted. If the angle of 
incidence is greater than the critical angle, total internal reflection (TIR) of the incident 
light takes place. There exists an evanescent wave that penetrates into the adjacent media 
and has its field intensity decaying exponentially with distance from the interface of the 
two media. If the higher refractive index media is coated with a conducting metal and the 
other media is a dielectric, the photons of the incident TM polarized light interact with 
the free electrons and resonantly transfer energy to the surface plasmons. This reduces the 
intensity of the reflected light. The resonant excitation of surface plasmons is called as 
surface plasmon resonance (SPR). The angle at which the maximum transfer of energy 
occurs is observed as a sharp dip in the reflected intensity and is called as resonance 
angle or SPR angle (θSP) [19]. 
The resonance conditions are dependent on the refractive index changes in the immediate 
vicinity of the metal surface [19]. The refractive index will change when either 
accumulated mass such as protein adsorb on the metal surface or the solution flowing on 
top of the metal surface is changed. The former refers to surface binding and the later is 
bulk index change. 
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2.2.1. Attenuated Total Reflection 
The propagation constant of surface plasmon wave at metal-dielectric interface [6] is 
given by: 
KSP= 
ω
c
�
εm *  εs
εm +  εs 
�
1/2
………………2.1  
, and the maximum propagation constant of the light wave propagating through the 
dielectric medium [6] is given as: 
KS = 
ω
c
 �εs    ………………………2.2 
, where, 
ω = Frequency of Incident Light 
c = Velocity of Light  
εm = Dielectric Constant of Metal 
εs = Dielectric Constant of Dielectric Medium 
 
From equations 2.1 and 2.2 above, it can be seen that for a given frequencyω, the 
propagation constant of surface plasmon wave KSP is greater than that of the light wave 
(TM polarized) KS in dielectric medium, as the dielectric constant of metal εm is negative 
and that of dielectric medium εs is positive. 
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Thus, the direct excitation of surface plasmons by light wave is not possible.  There is 
need to increase the momentum and hence the wave-vector of the incident optical wave 
for exciting the surface plasmon wave.  The most common method used for exciting the 
SP waves is the attenuated total reflection (ATR) [12,13]. Optical waveguides and 
diffraction gratings are also used to excite the surface plasmon waves [20].  
 
 
Figure 2.1: ATR configuration for excitation of surface plasmon waves. 
 
In this thesis work, Kretschmann configuration of ATR is used for the excitation of 
surface plasmon waves. The Kretschmann geometry of ATR is shown in Figure 2.1. A 
glass substrate (BK7) is coated with a thin film (45nm) of metal (gold) through 
sputtering. The glass substrate is coupled to the prism (BK7) with an index-matching 
fluid. Fluids such as water, alcohol are flown over the metal surface, and they act as the 
dielectric film. A TM polarized light beam is incident through the prism at an angle θ 
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equal to or greater than the angle required for ATR. As a result, an evanescent wave is 
generated, that excites the surface plasmon waves. 
 
2.2.2. Use of Gold as the Metal Layer 
Gold and silver are the most suited metals for Surface Plasmon Resonance sensing. Silver 
has better surface plasmon resonance characteristics than gold, because of the larger real 
part of its dielectric constant [21]. However, silver has poor long-term stability. Gold is 
more environmentally stable, is chemically more inert, has lower reactivity, does not 
react with commonly used fluids such as water and alcohols, and is compatible with a 
wide range of chemicals. Thus, gold is used as the metal layer. 
 
2.2.3. Applications of Surface Plasmon Resonance Sensors 
Surface plasmon resonance (SPR) finds application in three major areas [1]: 
measurement of physical quantities, chemical sensing and biosensing. SPR sensors are 
used for the measurement of physical quantities such as displacement [22] and angular 
position [23]. Humidity sensors [24,25] and temperature sensors [26] utilizing SPR have 
been developed.  In the field of chemical sensing [1], SPR is used for monitoring of 
distillation process [27], gas-detection [28-39] and detection of Cu and Pb ions [40,41] by 
combining SPR with anodic stripping voltammetry. Some of the biosensing applications 
of SPR include examination of protein-protein or protein-DNA interactions [42], 
examination of plasma membranes [43], detection of DNA [44], bacteria [45], herbicides 
[46], and protein toxins [47]. 
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2.3. Semiconductor Lasers 
Semiconductor lasers utilize the stimulated emission of radiation that occurs in 
semiconductors, when an incident photon stimulates the recombination of excited 
electrons of the conduction band and holes of the valence band [48]. Radiation in the 
form of photons is released due to the recombination of sufficient number of electrical 
carriers. Materials used for semiconductor lasers are direct band gap semiconductors such 
as GaAs, GaP, InGaP, InP, AlGaAs. Different emission wavelengths can be obtained by 
using different compositions of these materials. 
Diode lasers are the most common type of semiconductor lasers. Diode lasers generally 
employ a p-i-n heterostructure which are pumped directly with an electric current [49]. 
The diode lasers are incorporated in a resonant optical cavity that provides the necessary 
optical feedback for generating sustained lasing oscillations. The optical cavity can 
consist of mirrors, forming a Fabry-Perot resonant cavity, or it can use gratings resulting 
in the realization of distributed Bragg reflector lasers (DBRs), or distributed feedback 
lasers (DFBs). 
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2.3.1. Wavelength Tuning of Lasers 
The wavelength of lasers can be tuned within some range. There are a few different 
methods for tuning the wavelength of a laser [48]. It can be achieved by influencing the 
gain medium, so that the wavelength of maximum gain is shifted, or through the use of a 
tunable optical filter such as an etalon, or a prism.  
The wavelength of laser diodes can be thermally tuned over a few nanometers [48]. The 
tuning rate is about 0.3nm/°C for laser diodes in the visible region. The temperature of 
the laser diode can be varied by changing the drive current of the laser diode mount, or by 
changing the drive current of the laser itself. The energy band gap narrows and hence, the 
optical spectrum shifts towards longer wavelengths, as the laser temperature is increased 
[50]. The wavelength also changes with the laser drive current because the laser junction 
current density and temperature change the refractive index of the junction material and 
thus, the effective cavity length [51]. 
Tunable DBR lasers are available that have tunable grating reflectors with gain and 
phase-shift regions [49]. The refractive index of the grating can be changed by applying a 
forward current to inject carriers (free-carrier plasma effect). A reverse bias can also 
change the refractive index via electro-optic effects. External cavity diode lasers 
(ECDLs) also exhibit wavelength tunability through the use of diffraction gratings [50].  
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2.3.2. Mode Hopping of Laser Diodes 
The thermal and current tuning causes mode hopping in single mode lasers [52]. Mode 
hopping is the phenomenon where the laser switches from one resonator mode to another. 
This means that the laser may have all the optical power in one mode that suddenly 
passes to another mode. For a short while, there may be power in both modes. This leads 
to discontinuous jumping of laser wavelengths in a back and forth manner.   
Mode hoping is undesirable as it affects the wavelength stability and thus, hampers the 
continuous tuning of wavelength [48]. It is also responsible for intensity noise leading to 
unwanted fluctuations in laser power. These can be problematic for many applications 
[52] such as videodisc systems, video transmission via optical fibers, telecommunications 
and spectroscopy. 
Mode hopping occurs for specific values of laser temperature and current [52]. Thus, 
mode hops can be avoided by a proper and careful choice of operating parameters such as 
the laser temperature, current and power. 
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CHAPTER 3: EXPERIMENTS AND RESULTS 
 
Overview 
There are four types of experiments in this thesis. The experiments were conducted using 
the Red Laser Diode DL3147-060 (Thorlabs, Inc). The first experiment was to obtain the 
wavelength vs. temperature and wavelength vs. current characteristics of laser diode. This 
experiment helped in determining a suitable operating region, where the mode-hopping of 
laser was minimum, as well as in characterizing the wavelength shift for SPR 
measurements. The second experiment involved finding out the fluctuations in laser 
power for the transverse magnetic (TM) and transverse electric (TE) modes in the 
operating region. The third and fourth experiments are the main SPR experiments, which 
involved differential measurement with reflected TM polarized voltage and TM polarized 
reference voltage for bulk-index changes at different points along the SPR curve, and, 
temperature tuning of laser to always operate in the region of highest slope.  Sensitivity 
and Limit of Detection for bulk-index changes have been reported. The experimental set-
up and results of each of these experiments are described below in their respective 
sections. 
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3.1. Determination of Wavelength vs. Temperature and Wavelength vs. Current 
Characteristics of Red Laser Diode DL3147-060  
 
Laser Diode 
Controller
Laser Diode 
Mount
(LDM21)
Spectrometer
Computer
(LabVIEW)
 
Figure 3.1: Sketch of the set-up for obtaining wavelength vs. temperature and wavelength 
vs. current characteristics of Diode DL3147-060. 
 
This experiment was done to determine the wavelength vs. temperature (at constant laser 
power) and wavelength vs. current (at constant temperature) characteristics of Red Laser 
Diode DL3147-060 (Thorlabs, Inc).  
ILX Lightwave LDC-3742B laser diode controller [54] was used to set the laser diode 
parameters. The laser diode was mounted on laser diode mount LDM21 [55] from 
Thorlabs, Inc. Ocean Optics spectrometer HR-4000 [56] was used to obtain the laser 
spectrum. The laser light was transmitted to the spectrometer through an optical fiber. 
The fiber had to be slightly misaligned to prevent the spectrometer from saturation. The 
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spectrometer and laser diode controller were connected to a computer station. The sketch 
of the set-up is shown in Figure 3.1 . A custom-designed LabVIEW program was used 
for controlling the LDC and recording the spectrometer data. The wavelengths were 
obtained based on the centroid method of peak calculation [57]. 
The wavelength vs. temperature characteristics of diode DL3147-060 is shown in Figure 
3.2. For this, the laser diode controller was operated in constant temperature and constant 
power mode. The power was set to 1.2mW and the start and end temperatures were set to 
20°C and 35°C.  
Figure 3.3 shows the wavelength vs. current characteristics of diode DL3147-060. The 
laser current was swept from 25mA to 40mA, in 0.1mA increments, and the temperature 
was kept constant at 25°C, with LDC operating in constant current and constant 
temperature mode. 
 
Figure 3.2: Wavelength vs. Temperature Characteristics of DL3147-060 with laser power 
set to 1.2mW.  
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Figure 3.3: Wavelength vs. Current Characteristics of DL3147-060 at a temperature of 
25°C.  
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3.2. Measurement of Laser Polarizations using Laser Power Meter 
 
Laser Diode 
Controller
Laser Diode 
Mount
(LDM21)
Polarizer Laser Power Meter
 
Figure 3.4: Sketch of the experimental set-up for measurement of laser polarizations. 
 
This experiment was conducted to measure the variations in laser power of the Red Laser 
Diode DL3147-060 in the transverse magnetic and the transverse electric mode. The 
Temperature Controller (TEC) of the Laser Diode Controller LDC-3742B [54] was set at 
a constant temperature of 25°C, with the laser operating at constant current and constant 
power modes. The laser diode was mounted on Laser Diode Mount LDM21 [55]. The 
laser light incident on the polarizer was measured with the LabMax – TOP Laser 
Power/Energy Meter [58] from Coherent Inc. The sketch of the experimental set-up is 
shown in Figure 3.4 
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Following observations were made: 
(i) Operating Conditions: Constant Current and Temperature Mode, Temperature 
= 25°C, Laser Current = 29mA, Measurement Time = 5minutes.   
Transverse Electric Polarization:  
Minimum Power = 61.93µW, Mean Power = 62.48µW, Maximum Power = 
62.92µW, Standard Deviation = 155.5nW. The percentage variation between 
the minimum and maximum powers with respect to mean power is 1.58%. 
Transverse Magnetic Polarization:  
Minimum Power = 1.844mW, Mean Power = 1.850mW, Maximum Power = 
1.854mW, Standard Deviation = 2.353µW. The percentage variation between 
the minimum and maximum powers with respect to mean power is 0.54%. 
Polarization Ratio = (Mean TM Power/Mean TE Power) = 
(1.850mW/62.48µW) = 29.6 : 1 ≈ 30 : 1 
(ii) Operating Conditions: Constant Power and Temperature Mode, Temperature 
= 25°C, Laser Power = 1.2mW, Measurement Time = 5minutes.  
Transverse Electric Polarization:  
Minimum Power = 29.12µW, Mean Power = 29.93µW, Maximum Power = 
30.38µW, Standard Deviation = 147.3nW. The percentage variation between 
the minimum and maximum powers with respect to mean power is 4.2%. 
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Transverse Magnetic Polarization:  
Minimum Power = 709.7µW, Mean Power = 711.0µW, Maximum Power = 
711.7µW, Standard Deviation = 330.5nW. The percentage variation between 
the minimum and maximum powers with respect to mean power is 0.28%. 
Polarization Ratio = (Mean TM Power/Mean TE Power) = 
(711.0µW/29.93µW) = 23.75 : 1 ≈ 24 : 1 
It is for these fluctuations in laser power that a differential measurement technique is 
used, where the sensitivity and limit of detection are calculated based upon the ratio of 
reflected output voltage and reference voltage. 
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3.3. Differential SPR Measurement using two Photo-Detectors with Laser Operating 
in Constant Current and Constant Temperature Mode  
 
3.3.1. Experimental Set-up 
Laser Diode 
Controller
Laser Diode 
Mount
(LDM21)
Polarizer Beam Splitter(50:50)
Photo-detector
1
(TM Reference 
Voltage) 
Computer
(LabView)
Flow-cell with 
prism and 
sensor
Photo-detector
2
(TM Voltage) 
 
Figure 3.5: Sketch of the experimental set-up for differential SPR measurement. 
 
Figure 3.5 above depicts the experimental set-up. The ILX Lightwave LDC-3742B [54] 
was used as the Laser Diode Controller, for controlling the diode parameters such as 
current, temperature. Red Laser Diode DL3147-060 from Thorlabs, Inc was used for the 
experiment. It is a single mode laser diode with typical lasing wavelength of 650nm. The 
diode was mounted on Laser Diode Mount LDM21 [55], provided from Thorlabs, Inc. 
The sensor was a 45nm gold layer deposited on BK7 glass through sputtering. BK7 index 
matching fluid (Cargille, Inc) was used to place the fabricated sensor in contact with a 
BK7 prism (Esco Products, Inc). The BK7 prism and the sensor were clamped on a 
custom-made acrylic flow cell, through which fluids were flown using a peristaltic pump 
(REGLO Digital Tubing Pump from Ismatec, Inc). The laser diode mount, polarizer 
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(650nm), beam splitter (50:50), flow-cell, and two photo-detectors (DET 110. DET 36A) 
were mounted on the optical bench as shown in Figure 3.6.   
 
 
Figure 3.6: Photograph of the experimental set-up for differential SPR measurement. 
 
The angle of the incident laser light, with respect to the prism and the output photo-
detector was adjusted using a micrometer screw. The incident laser light was separated 
into s-polarized light (Transverse Electric) and p-polarized light (Transverse Magnetic) 
by the polarizer. The s-polarized light is not useful, as it cannot provide surface plasmon 
excitation. The p-polarized light was divided into two-equal parts using the 50:50 beam 
splitter. The part that was incident on the prism is called as the transverse magnetic (TM) 
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and provided surface plasmon excitation. The other part is called as the reference 
transverse magnetic (Reference TM) and was used as a reference to counter the 
fluctuations in laser power. Photo-detector 1 was used to measure the Reference TM 
voltage, and Photo-detector 2 was used to measure the reflected TM voltage after hitting 
the sensor.  
 
3.3.2. Remotely Controlling LDC-3742B 
The Laser Diode Controller was controlled remotely from a computer station using 
National Instruments LabVIEW Software and General Purpose Interface Bus (GPIB, 
IEEE Standard 488.2) [59] communication. The TM voltage and reference TM voltage 
were obtained through the National Instruments PCI-6221 (37-pin) Data Acquisition 
Board (DAQ) [60]. The basic functioning of the custom designed LabVIEW program is 
shown in Figure 3.7. 
Set TEC 
Temperature
Turn TEC 
On
Set Laser 
Current
Turn Laser 
On
Measure 
TM and TM 
Reference 
Voltage
Calculate 
TM/TM 
Reference
Measure 
TEC 
Temperature
Measure 
Laser 
Current
Save to a 
File
Loop Runs through the Experiment
 
Figure 3.7: Functioning of the custom designed LabVIEW program for measurement of 
TM polarized and TM polarized reference voltage. 
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The Temperature Controller (TEC) of the Laser Diode Controller was set in Constant 
Temperature Mode with an operating temperature of 25°C. The type of the temperature 
sensor was 10KΩ thermistor. The Laser was operated in Constant Current Low 
Bandwidth Mode with a set-point of 29mA.  Under these conditions, the laser wavelength 
is approximately equal to 656.8nm (Section 3.1). 
 
3.3.3. Experimental Steps 
Figure 3.8 shows the laser light superimposed on the white light spectrum, obtained 
through the Ocean Optics Spectrometer (HR-4000) [56], with deionized water flowing 
through the sensor. The SPR dip is not significant because white light is unpolarized. The 
incident TM polarized laser light was held at the point of maximum slope on the Surface 
Plasmon Resonance (SPR) curve, by adjusting the angle between the incident laser 
source and the output photo-detector, through the micrometer screw (Figure 3.6) 
available on the optical set-up. 
Similarly, the laser source was incident at different points along the SPR curve by coarse 
angle adjustment through the micrometer screw. 
A total of ten experiments were carried out at ten different points along the Surface 
Plasmon Resonance (SPR) curve, including the point of highest slope and the point of 
resonance. This was done to observe the variation in Sensitivity and Limit of Detection at 
different points along the SPR curve. 
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Figure 3.8: Laser light superimposed on the white light spectrum, obtained through 
Ocean Optics Spectrometer (HR-4000). Solution is DI water.  
 
During each experiment, first deionized water, then 1% by weight of ethylene glycol 
(CAS Number: 107-21-1) solution and then again deionized water was flown through the 
sensor. The refractive index of deionized water is 1.3325 and that of 1% by weight of 
ethylene glycol solution is 1.3331, considering refractive index of 100% ethylene glycol 
is 1.4318 [53]. Each solution was flown for about 3minutes, so that an experiment took 
about 9minutes. The laser current and temperature were kept constant at 29mA and 25°C. 
As the fluids flowed through the sensor, the TM and TM reference voltage were 
continuously measured using the LabVIEW program. Ratio of TM and TM reference 
voltage was calculated to cancel out the fluctuations in laser power.  
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3.3.4. Results of the Differential SPR Experiment 
Due to the change in the refractive index of the solution, a change in TM voltage was 
observed.   
Figure 3.9 (i) and (ii) respectively, show the change in TM voltage and the ratio of TM 
and TM reference voltage with angle, for deionized water and 1% by weight of ethylene 
glycol solution.  
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(ii) 
Figure 3.9: Sensor response at ten different points along the SPR curve for DI water and 
1% ethylene glycol solution. (i) TM polarized voltage vs. angle, (ii) Ratio of TM 
polarized and TM polarized reference voltage vs. angle. Note: Angles are calculated 
approximately to show the response at different points.  
 
The sensitivity, S was calculated as the change in observed voltages per unit change in 
refractive index. The noise, σ is quantified as the standard deviation from the baseline 
and is measured in the region where the TM polarized voltage and the ratio of TM 
polarized and TM polarized reference voltage was stable. Limit of Detection, LOD is 
based on 3σ/S. Figure 3.10, Figure 3.11 and Figure 3.12 show the variation in Sensitivity, 
Noise and Limit of Detection respectively, at ten different points along the SPR curve.  
 
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h) (i)
(j)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
71 72 73 74 75 76 77
T
M
 V
ol
ta
ge
/T
M
 R
ef
. V
ol
ta
ge
 
Angle (Degrees)
DI Water
1% EtOH 
Solution
 
27 
 
(i) 
 
(ii) 
Figure 3.10: Variation of Sensitivity, S, at ten different points along the SPR curve. (i) 
Sensitivity (calculated from measured TM polarized voltage) vs. angle, (ii) Sensitivity 
(calculated from ratio of TM polarized voltage and TM polarized reference voltage) vs. 
angle. 
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(i) 
 
(ii) 
Figure 3.11: Variation of Noise (Standard Deviation, σ) at ten different points along the 
SPR curve. (i) Noise (calculated from measured TM polarized voltage) vs. angle, (ii) 
Noise (calculated from ratio of TM polarized voltage and TM polarized reference 
voltage) vs. angle. 
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(i) 
 
(ii) 
Figure 3.12: Variation of Limit of Detection (LOD, 3σ/S) at ten different points along the 
SPR curve. (i) LOD (calculated from measured TM polarized voltage) vs. angle, (ii) LOD 
(calculated from ratio of TM polarized voltage and TM polarized reference voltage) vs. 
angle. 
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Table 3.1 and Table 3.2 depict the values of TM polarized voltage, ratio of TM polarized 
and TM polarized reference voltage, sensitivity, noise and limit of detection at various 
points on the SPR curve. 
 
Table 3.1: Values of TM polarized voltage for DI water and 1% ethylene glycol solution, 
and values of sensitivity, noise and limit of detection calculated using TM voltage at ten 
different points along the SPR curve. 
 
Points Angle 
TM 
Voltage 
(DI 
Water) 
TM 
Voltage 
(1% 
EtOH) 
Sensitivity Noise 
Limit of 
Detection 
LOD 
  (Degrees) (Volts) (Volts) (S, 
Volts/RIU) 
(σ) (3σ/S, 
RIU) 
a 71.6 7.91 8.49 581 9.59E-03 4.95E-05 
b 72.3 6.03 6.63 601 7.83E-03 3.91E-05 
c 72.6 5.04 5.71 667 6.43E-03 2.89E-05 
d 72.9 3.85 4.59 736 3.41E-03 1.39E-05 
e 73.3 2.70 3.35 647 4.20E-03 1.95E-05 
f 73.6 1.54 2.00 463 2.53E-03 1.64E-05 
g 74.1 0.726 0.962 236 6.88E-04 8.74E-06 
h 74.5 0.361 0.381 21.7 7.06E-04 9.75E-05 
i 75.4 0.591 0.358 232 1.12E-03 1.16E-05 
j 76.6 1.05 0.693 359 8.94E-04 9.32E-06 
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Table 3.2: Values of ratio of TM polarized voltage and TM polarized reference voltage 
for DI water and 1% ethylene glycol solution, and values of sensitivity, noise and limit of 
detection calculated using TM/TM reference voltage at ten different points along the SPR 
curve. 
 
Points Angle 
TM/TM 
Ref. 
Voltage 
(DI 
Water) 
TM/TM 
Ref. 
Voltage 
(1% 
EtOH) 
Sensitivity Noise 
Limit of 
Detection 
LOD 
 (Degrees)   (S, /RIU) (σ) (3σ/S, 
RIU) 
a 71.6 0.343 0.367 23.6 3.79E-04 4.82E-05 
b 72.3 0.263 0.290 26.5 1.64E-04 1.86E-05 
c 72.6 0.221 0.250 29.5 5.37E-05 5.46E-06 
d 72.9 0.167 0.198 31.1 3.44E-05 3.33E-06 
e 73.3 0.119 0.147 28.3 6.18E-05 6.55E-06 
f 73.6 0.066 0.086 20.2 2.43E-05 3.62E-06 
g 74.1 0.032 0.042 10.2 2.06E-05 6.06E-06 
h 74.5 0.016 0.017 1.00 2.23E-05 6.66E-05 
i 75.4 0.026 0.016 10.0 1.41E-05 4.93E-06 
j 76.6 0.045 0.030 15.5 1.65E-05 2.74E-06 
 
 
The variation in TM voltage and the ratio of TM and TM reference voltage for different 
points along the SPR curve, as the fluids were changed from deionized water to 1% by 
weight of ethylene glycol solution to deionized water, are shown in Figure 3.13 through 
Figure 3.22.  
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(i) 
 
(ii) 
Figure 3.13: Sensor response at point (a) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.14: Sensor response at point (b) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
  
(ii) 
Figure 3.15: Sensor response at point (c) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.16: Sensor response at point (d) (Figure 3.9), point of highest slope. (i) TM 
polarized voltage vs. time, (ii) Ratio of TM polarized and TM polarized reference voltage 
vs. time. Solutions are (1) DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.17: Sensor response at point (e) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.18: Sensor response at point (f) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.19: Sensor response at point (g) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.20: Sensor response at point (h) (Figure 3.9), point of resonance. (i) TM 
polarized voltage vs. time, (ii) Ratio of TM polarized and TM polarized reference voltage 
vs. time. Solutions are (1) DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.21: Sensor response at point (i) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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(i) 
 
(ii) 
Figure 3.22: Sensor response at point (j) (Figure 3.9). (i) TM polarized voltage vs. time, 
(ii) Ratio of TM polarized and TM polarized reference voltage vs. time. Solutions are (1) 
DI water (2) 1% ethylene glycol and (3) DI water. 
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3.4. SPR Measurement with Temperature Tuning of Red Laser Diode DL3147-060 
using Laser Diode Controller LDC-3742B 
 
3.4.1 Experimental Set-up 
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Figure 3.23: Sketch of the experimental set-up for SPR measurement using temperature 
tuning of Red Laser Diode DL3147-060. 
 
The experimental arrangement is as shown in Figure 3.23. The set-up is quite similar to 
the differential measurement experiment. The difference between the two set-ups is that 
the beam splitter was not used and only one photo-detector to measure the reflected TM 
voltage was used in this experiment. Laser Diode Controller LDC-3742B was used. Laser 
Diode Mount LDM21, polarizer (650nm), flow-cell with prism and sensor (45nm gold 
layer deposited on BK7 glass), photo-detector (DET 36A) were mounted on the optical 
bench, in a similar manner as shown in Figure 3.6. The laser diode used was Red laser 
Diode DL3147-060. A peristaltic pump was used for flowing fluids through the sensor. 
The output TM voltage from the sensor was monitored using National Instruments 
LabVIEW Software and General Purpose Interface Bus (GPIB, IEEE Standard 488.2) 
Communication.  
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3.4.2. Feedback Control 
A feedback control loop using LabVIEW was developed to always place the laser 
wavelength in the region of highest slope on the SPR curve. Figure 3.24 shows the 
working of the LabVIEW program. The control loop developed was a proportional-
integral loop (Figure 3.25). As the refractive index of the solution flowing through the 
sensor changed, the output TM voltage changed. So, the feedback loop tuned the 
temperature of the Temperature Controller (TEC) of the Laser Diode Controller, to bring 
the voltage back to the set-point, that is, to the region of the highest slope. The whole idea 
is that tuning the laser temperature changes the laser wavelength.  
 
Set TEC 
Temperature
Turn TEC 
On
Set Laser 
Power
Turn Laser 
On
Measure 
TM  
Voltage
Set TEC 
Current
Measure 
TEC 
Temperature
Save to a 
File
Loop Runs through the Experiment
Proportional 
Integral 
Control 
 
Figure 3.24: Working of the custom-designed LabVIEW program SPR measurement 
using temperature tuning of Red Laser Diode DL3147-060. 
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Error = Measured 
TM Voltage – Set 
Point Voltage
Multiply Error by 
Gain and integrate 
over time
Feedback signal 
to Set TEC 
Current
 
Figure 3.25: Working of the proportional-integral loop. 
 
The temperature controller was operated in Constant Temperature Module Current Mode 
(ITE), and the laser was operated in Constant Power Mode with laser power set to 1.2mW.  
 
3.4.2.1. Set-point Voltage 
The set-point voltage was set to 5.05 Volts, with reference to the point of highest slope on 
the left-hand side of the SPR curve for deionized water, at a laser wavelength of around 
654nm. This was achieved through fine angle adjustment with the use of micrometer 
screw available on the optical set-up.   
 
3.4.2.2. Gain Value 
The absolute value of gain was determined by trial and error method, through trade-off 
between two factors: 1) the sensor response with bulk-index change should be relatively 
fast, 2) the measured TM voltage and temperature should stabilize around set-point. Also, 
the SPR curve shifts towards right with increase in refractive index (Figure 1.1). 
Operating on the left-hand side of the SPR curve means that with the increase in 
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refractive index the output TM voltage would increase. Hence, to bring the voltage back 
to the set-point voltage, the wavelength needs to be increased, or in other words, the 
temperature needs to be increased (Figure 3.2). A 10KΩ thermistor with negative 
temperature coefficient was used as the temperature sensing element. This means that the 
TEC current has to be set to a negative value for increasing the temperature. Therefore, 
the gain was set to a negative value of 0.008.  
 
3.4.2.3. Feedback Signal 
The error signal was calculated as the difference between the measured TM voltage and 
the set-point voltage. It was multiplied by gain and integrated to form the feedback 
signal. This feedback signal was used to set the TEC current. 
 
3.4.3. Experimental Results 
The change in the TM voltage and temperature, as the solutions changed from deionized 
water, to 1% by weight of ethylene glycol solution and then again deionized water and 
with the feedback loop running, are shown in Figure 3.26. 
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(i) 
 
(ii) 
Figure 3.26: Sensor response to bulk index change at point of highest slope. (i) TM 
polarized voltage vs. time, (ii)Temperature vs. time. Solutions are (1) DI water (2) 1% 
ethylene glycol and (3) DI water. 
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The temperature changed from 22°C to 27°C to bring the voltage back to the set-point as 
the solution changed from deionized water to 1% by weight of ethylene glycol solution. 
This temperature change corresponds to a wavelength shift of approximately 1.68nm 
(Figure 3.2) for diode DL3147-060.  The refractive index of deionized water is 1.33, and 
that of 1% by weight of ethylene glycol solution is 1.331. Thus, the Sensitivity, S, in 
nm/RIU is: 
Sensitivity, S = Δλ/Δn = (1.68) / (1.331 - 1.33) = 1680 nm/RIU. 
It was also observed that a temperature change of 1°C is approximately equal to a 
wavelength change of 0.4nm (Section 3.1). The standard deviation,σ in terms of 
temperature was calculated as 1.28e-2°C, which is equivalent to a wavelength of 5.16e-
3nm. Thus, the Limit of Detection, LOD, defined as 3σ/S is: 
Limit of Detection, LOD = 3σ/S = 3 * (5.16e-3) / (1680) = 9.21e-6 RIU. 
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CHAPTER 4: DISCUSSION 
 
The results of various experiments that were conducted are presented in Chapter 3. This 
chapter provides an insight about those results. 
 
4.1. Differential SPR Measurement Experiment 
It can be seen from Figure 3.10  that the sensitivity is maximum at the point of highest 
slope (point d) of the SPR curve and minimum at the point of resonance (point h). As one 
moves away from point d), the sensitivity decreases up to point h) and then again starts 
increasing.  
Considering the noise calculated from the ratio of TM and TM reference voltage, it can 
be observed (Figure 3.11 (ii)) that the noise decreases from point a) to point d) due to the 
decrease in light intensity (Figure 3.9), and is more or less constant for points d) to j) 
where it is believed that the electronic noise or pump pulsations become dominant 
compared to the incident light photon noise. For the noise in TM voltage (Figure 3.11(i)), 
we are limited by shot noise from the photons for points a) to d), by light level or 
polarization fluctuation for points d) to g), and by electronic noise or pump pulsations for 
points g) to j). Comparing the noise in TM voltage and the ratio of TM and TM reference 
voltage, one can see that the noise due to intensity or polarization fluctuation from points 
d) to g) has been compensated by using the differential measurement technique. 
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Figure 3.12 shows that the limit of detection (LOD) is poorest at the point of resonance 
(point h), decreases from point a) to point d), and is almost constant in the region from 
point d) to point j), leaving point h). Point h) has the lowest sensitivity resulting in the 
highest LOD. From Figure 3.10 and Figure 3.12, it can be seen that working at the point 
of peak sensitivity is not equal to minimum LOD. LOD is governed by both noise and 
sensitivity and the combination of these two factors leads to a broad region of optimal 
performance for LOD. 
Table 3.1 and Table 3.2 show that by using the ratio of TM voltage and TM reference 
voltage, the noise is essentially improved by about a factor of 100 and LOD is effectively 
improved by about a factor of 10, as compared to the noise and LOD obtained from the 
TM voltage.  
It is a common practice to use TE polarization as a reference for white light set-ups, but it 
would not work with laser diodes because of the polarization fluctuation. The presented 
differential SPR measurement technique compensated for the intensity and polarization 
fluctuations of laser (as evident from Section 3.2) by using the TM polarized light as a 
reference.  
 
4.2. Temperature Tuning Experiment 
Section 3.4 shows that by using a proportional-integral feedback control loop and thermal 
tuning, the laser wavelength can be made to always operate around the region of highest 
slope. Values of Sensitivity (nm/RIU) and LOD (RIU) at the point of highest slope have 
been calculated based upon the measured temperature change. The obtained LOD is 
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essentially comparable to other intensity measurement prism coupler based systems at λ ≈ 
630nm and gold thickness ≈ 50nm [1]. If the temperature can be precisely measured and 
controlled, this technique certainly has the potential to give very low LOD. If there is a 
large change in refractive index that would normally shift the curve to a region of poorer 
LOD, the presented tunable technique can track it and keep the LOD low. Thus, the 
tunable system can maintain the optimal LOD over a large dynamic range. 
The response time of our system is about 200 seconds, which is definitely not optimum. 
It is mainly due to the fact that a simple thermoelectric cooler was used to change the 
laser temperature and thus, track the set-point voltage. 
 
4.3. Problems Encountered 
Several problems were encountered during the course of the work. These problems were 
eliminated at best with the available resources, but some of them affected the results. 
 
4.3.1. Temperature Instability 
While conducting experiments, the data acquisition was started only when the laser 
temperature was stable. However, the laser temperature could not be measured and 
controlled to more than ±0.02°C. Possibility of wavelength drift due to temperature 
instability cannot be ruled out.  
Also, with the temperature tuning experiment, the Sensitivity (nm/RIU) and Limit of 
Detection (/RIU) are calculated based upon the measured temperature and the measured 
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wavelength vs. temperature characteristics of the laser diode. The temperature instability 
could have led to a higher calculated noise (standard deviation) and thus, affecting the 
limit of detection.  
 
4.3.2. Drift 
A drift in the measured reflected voltage was observed even when a constant solution was 
flowing through the sensor. This drift was inconsistent during the various experiments. 
The possible reasons for this drift could be – the temperature instability of the sensor, 
laser and fluid, air bubbles and the properties of fluid. If the temperature was stable for a 
few seconds, still the drift in the reflected voltage was present. We believe it is due to the 
properties of fluid. Investigating about the drift due to the nature of fluids is beyond the 
scope of this work. 
 
4.3.3. Mode Hopping 
All measures were taken to operate at the current and temperature values where there was 
no mode hopping. However, the potential of mode hops could not be completely 
eliminated, particularly in the case of temperature tuning experiment.  Thus, use of a 
tunable DFB laser or external cavity laser may be necessary for wide dynamic range 
experiments. 
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4.3.4. Injection Tuning  
SPR measurement using injection tuning of the laser diode was also tried as an option. 
The laser diode current was changed remotely to tune the laser wavelength. This 
technique was tried by using TE polarization as a reference. But, no conclusive results 
could be obtained because of the fluctuations in laser polarization.  Also, the presence of 
mode hops limited the operating range for tuning the laser current. 
 
4.3.5. Air Bubbles 
Though the flow cell was tightly sealed with Teflon caps and fresh Teflon tubings were 
used for each experiment to prevent air bubbles, the air bubbles could still have been 
present and affected some of the experiments. The slow build of small air bubbles on the 
sensor surface may also explain the drift observed in some experiments.  Air bubbles are 
likely due to dissolved gases on the liquid solutions or wear in the silicone pump tubing. 
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CHAPTER 5: CONCLUSION 
 
Techniques for the tunable laser interrogation of surface plasmon resonance sensors have 
been presented. Semiconductor laser diode DL3147-060 was used as the light source. 
Issues of intensity fluctuation, polarization fluctuation and mode hopping of laser that 
could affect SPR measurements have been addressed.  
With the differential SPR set-up, experiments were conducted at ten different points 
along the SPR curve. The Sensitivity and Limit of Detection were improved by operating 
around the region of maximum slope. However, it was shown that the point of maximum 
sensitivity does not result in the minimum limit of detection. Instead, a range of operating 
angles was found where the trade-off between sensitivity and noise yielded essentially 
constant LOD. This indicates that SPR sensing based on intensity measurement is 
somewhat forgiving in terms of selecting operating angle. After compensating for 
intensity and polarization fluctuations in the laser output, limits of detection were 
ultimately limited by electronic noise in the detector and the analog to digital converter.   
SPR measurement through thermal tuning of laser diode is also presented. A 
proportional-integral feedback control loop using LabVIEW was developed to always 
tune the laser wavelength to the point of highest slope. It is shown that this technique 
works and if temperature can be precisely measured and controlled, it certainly has the 
potential of giving a very low LOD. 
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The presented work can be used to investigate several areas in the future. Stagnant 
solution on the sensor surface can be used for SPR measurements to observe its 
difference from the flowing solution, and characterizing the jitter introduced by the use of 
peristaltic pump for flowing fluids. Surface binding at different points along the SPR 
curve can be characterized through the use of octadecanethiol (ODT) monolayer. The 
laser tracking technique can be used with near-Infrared tunable laser (1480nm-1600nm) 
for wide dynamic range. The presented techniques can be applied to dual, tri-mode and 
waveguide based SPR sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
55 
REFERENCES 
 
1. J. Homola, S. S. Yee, and G. Gauglitz, “Surface plasmon resonance sensors: 
review,” Sensors and Actuators B-Chemical, vol. 54, pp. 3–15, Jan 1999. 
 
2. “Surface Plasmon Resonance Based Sensors”, Springer publications, Volume 
Editor: J. Homola, vol. 4, 2006. 
 
3. M Piliarik, H Vaisocherová and J Homola, “A new surface plasmon resonance 
sensor for high-throughput screening applications,” Biosensors and Bioelectronics, vol. 
20, pp. 2104-2110, 2005. 
 
4. A Zybin, C Grunwald, V M. Mirsky, J Kuhlmann,O S. Wolfbeis, and K Niemax, 
“Double-Wavelength Technique for Surface Plasmon Resonance Measurements: Basic 
Concept and Applications for Single Sensors and Two-Dimensional Sensor Arrays,” 
Analytical Chemistry, vol. 77(8), pp. 2393-2399, 2005.  
 
5. Knut Johansen, Hans Arwin, Ingemar Lundstrom and Bo Liedberg, “Imaging 
surface plasmon resonance sensor based on multiple wavelengths: Sensitivity 
considerations,” Review of Scientific Instruments, vol. 71, no.9, September 2000. 
 
6. Anuj K. Sharma, Rajan Jha, and B. D. Gupta, “Fiber-Optic Sensors Based on 
Surface Plasmon Resonance: A Comprehensive Review,” IEEE Sensors Journal, vol. 7, 
no. 8, August 2007 
 
7. J. Zenneck, “Propagation of plane EM Waves along a Plane Conducting Surface,” 
Annals der Physik, vol. 23, pp. 846–866, 1907. 
 
8. A. Sommerfeld, “Propagation of Waves in Wireless Telegraphy,” Annals der 
Physik, vol. 28, pp. 665–736, 1909. 
 
9. R. H. Ritchie, “Plasma Losses by Fast Electrons in Thin Films,” Phys. Rev. 106 
(5), pp. 874-881, 1957. 
 
10. C. J. Powell and J. B. Swan, “Effect of oxidation on the characteristic loss spectra 
of aluminum and magnesium,” Phys. Rev., vol. 118, pp. 640–643, 1960. 
 
11. E. A. Stern, and R. A. Ferrell, “Surface Plasma Oscillations of a Degenerate 
Electron Gas,” Phys. Rev. 120 (1), pp. 130-136, 1960. 
 
12. A. Otto, “Excitation of Nonradiative Surface Plasma Waves in Silver by the 
Method of Frustrated Total Reflection,” Zeitschrift für Physik vol. 216, pp. 398-410, 
1968. 
 
56 
13. E. Kretschmann and H. Raether, “Radiative Decay of Non Radiative Surface 
Plasmons Excited by Light,” Z. Naturforsch. vol. 23 a, pp. 2135-2136, 1968. 
 
14. I. Pockrand, J. D. Swalen, J. G. Gordon, and M. R. Philpott, “Surface-Plasmon 
Spectroscopy of Organic Monolayer Assemblies,” Surface Science, vol. 74, pp. 237–244, 
1978. 
 
15.  J. G. Gordon and S. Ernst, “Surface-Plasmons as a Probe of the Electrochemical 
Interface,” Surface Science, vol. 101, pp. 499–506, 1980. 
 
16. C. Nylander, B. Liedberg, and T. Lind, “Gas-Detection by Means of Surface-
Plasmon Resonance,” Sensors and Actuators, vol. 3, pp. 79–88, 1982. 
 
17. B. Liedberg, C. Nylander, and I. Lundstrom, “Surface-Plasmon Resonance for 
Gas-Detection and Biosensing,” Sensors and Actuators, vol. 4, pp. 299–304, 1983. 
 
18. B. Liedberg, C. Nylander, and I. Lundstrom, “Biosensing with Surface-Plasmon 
Resonance - How It All Started,” Biosensors & Bioelectronics, vol. 10, pp. R1–R9, 
Fal1995. 
 
19. Richard B. M. Schasfoort, Anna J. Tudos, “Handbook of Surface Plasmon 
Resonance,” published by Royal Society of Chemistry, 2008. 
 
20. J. Homola, “Present and future of surface plasmon resonance biosensors,” 
Analytical and Bioanalytical Chemistry, vol. 377, pp. 528–539, Oct 2003. 
 
21. M. A. Ordal, L. L. Long, R. J. Bell, S. E. Bell, R. R. Bell, R. W. Alexander, and 
C. A. Ward, “Optical-Properties of the Metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt,   Ag, 
Ti, and W in the Infrared and Far Infrared,” Applied Optics, vol. 22, pp. 1099–1119, 
1983. 
 
22. G. Margheri, A. Mannoni and F. Quercioli, “A new high-resolution displacement 
sensor based on surface plasmon resonance,” Proc. SPIE vol. 2783 (1996), pp. 211–220. 
 
23. J.K. Schaller, R. Czepluch and C.G. Stojanoff, “Plasmon spectroscopy for high 
resolution angular measurements,” Proc. SPIE vol. 3098 (1997), pp. 476–486. 
 
24. J. Homola, G. Schwotzer, H. Lehmann, R. Willsch, W. Ecke, H. Bartelt, “A new 
optical fiber sensor for humidity measurement,” Photonics’ 95, Prague, Czech Republic, 
August 1995, EOS Annual Meeting Digest Series, 2A 245–248. 
 
25. M.N. Weiss, R. Srivastava and H. Groger, “Experimental investigation of a 
surface plasmon-based integrated-optic humidity sensor,” Electron. Lett. vol. 32 (1996), 
pp. 842–843. 
 
 
57 
26. B. Chadwick and M. Gal, “An optical temperature sensor using surface 
plasmons,” Japn. J. Appl. Phys. vol. 32 (1993), pp. 2716–2717. 
 
27. E.G. Ruiz, I. Garcez, C. Aldea, M.A. Lopez, J. Mateo, J. Alonso-Chamarro and S. 
Alegret, “Industrial process sensor based on surface plasmon resonance (SPR): 
distillation process monitoring,” Sensors and Actuators A 37–38 (1993), pp. 221–225. 
 
28. S. Miwa and T. Arakawa, “Selective gas detection by means of surface plasmon 
resonance sensors,” Thin Solid Films 281–282 (1996), pp. 466–468. 
 
29. B. Chadwick and M. Gal, “Enhanced optical detection of hydrogen using the 
excitation of surface plasmons in palladium,” Appl. Surface Sci. vol. 68 (1993), pp. 135–
138. 
 
30. B. Chadwick and M. Gal, “A hydrogen sensor based on the optical generation of 
surface plasmons in a palladium alloy,” Sensors Actuators B vol. 17 (1994), pp. 215–220. 
31. G.J. Ashwell and M.P.S. Roberts, “Highly selective surface plasmon resonance 
sensor for NO2,” Electron. Lett. vol. 32 (1996), pp. 2089–2091. 
 
32. P.S. Vukusic and J.R. Sambles, “Cobalt phthalocyanine as a basis for the optical 
sensing of nitrogen dioxide using surface plasmon resonance,” Thin Solid Films vol. 221 
(1992), pp.311–317. 
 
33. J. van Gent, P.V. Lambeck, R.J. Bakker, T.J. Popma, E.J.R. Sudholter and D.N. 
Reinhoudt, “Design and realization of a surface plasmon resonance-based chemo-optical 
sensor,” Sensors and Actuators A vol. 26 (1991), pp. 449–452. 
 
34. A. Abdelghani, J. M. Chovelon, N. Jaffrezic-Renault, C. Ronot-Trioli, C. Veillas 
and H. Gagnaire, “Surface plasmon resonance fiber-optic sensor for gas detection,” 
Sensors and Actuators B 38–39 (1997), pp. 407–410. 
 
35. R.P. Podgorsek, T. Sterkenburgh, J. Wolters, T. Ehrenreich, S. Nischwitz and H. 
Franke, “Optical gas sensing by evaluating ATR leaky mode spectra,” Sensors and 
Actuators B vol. 39 (1997), pp. 349–352. 
 
36. M. Niggemann, A. Katerkamp, M. Pellmann, P. Bolsmann, J. Reinbold and K. 
Cammann, “Remote sensing of tetrachlorethene with a micro-fiber optical gas sensor 
based on surface plasmon resonance,” Sensors and Actuators B vol. 34 (1996), pp. 328–
333. 
 
37. C. Granito, J.N. Wilde, M.C. Petty, S. Houston and P.J. Iradale, “Toluene vapor 
sensing using copper and nickel phthalocyanine Langmuir-Blodgett films,” Thin Solid 
Films 284–285 (1996), pp. 98–101. 
 
 
58 
38. D.G. Zhu, M.C. Petty and M. Harris, “An optical sensor for nitrogen dioxide 
based on a copper phthalocyanine Langmuir-Blodgett film,” Sensors and Actuators B 
vol. 2 (1990), pp. 265–269.  
 
39. N.E. Agbor, J.P. Cresswell, M.C. Petty and A.P. Monkman, “An optical gas 
sensor based on polyaniline Langmuir-Blodgett films,” Sensors and Actuators B vol. 41 
(1997), pp. 137–141.  
 
40. C.C. Jung, S.B. Saban, S.S. Yee and R.B. Darling, “Chemical electrode surface 
plasmon resonance sensor,” Sensors and Actuators B vol. 32 (1996), pp. 143–147. 
 
41. T.M. Chinowsky, S.B. Saban and S.S. Yee, “Experimental data from a trace metal 
sensor combining surface plasmon resonance with anodic stripping voltammetry,” 
Sensors and Actuators B vol. 35 (1996), pp. 37–43. 
 
42. D.R. Mernagh, P. Janscak, K. Firman and G.G. Kneale, “Protein–protein and 
protein–DNA interactions in the Type I restriction endonuclease R.EcoR124I,” Biol. 
Chem. vol. 379 (1998), pp. 497–503. 
 
43. E. Kim, S.J. DeMarco, S.M. Marfatia, A.H. Chishti, M. Sheng and E.E. Strehler, 
“Plasma membrane Ca2+ATPase Isoform 4b binds to membrane-associated guanylate 
kinase (MAGUK) proteins via their PDZ (PSD-95/Dlg/ZO-1) domains,” J. Biol. Chem. 
vol. 273 (1998), pp. 1591–1595. 
 
44. T. T. Goodrich, H. J. Lee, and R. M. Corn, “Direct detection of genomic DNA by 
enzymatically amplified SPR imaging measurements of RNA microarrays,” Journal of 
the American Chemical Society, vol. 126, pp. 4086–4087, Apr 2004. 
 
45. V. Koubova, E. Brynda, L. Karasova, J. Skvor, J. Homola, J. Dostalek, P.Tobiska, 
and J. Rosicky, “Detection of foodborne pathogens using surface plasmon resonance 
biosensors,” Sensors and Actuators B-Chemical, vol. 74, pp. 100–105, Apr 2001. 
 
46. C. Mouvet, R. D. Harris, C. Maciag, B. J. Luff, J. S. Wilkinson, J. Piehler, 
A.Brecht, G. Gauglitz, R. Abuknesha, and G. Ismail, “Determination of simazine in water 
samples by waveguide surface plasmon resonance,” Analytica Chimica Acta, vol. 338, 
pp. 109–117, Feb 1997. 
 
47. J. Homola, J. Dostalek, S. F. Chen, A. Rasooly, S. Y. Jiang, and S. S. Yee, 
“Spectral surface plasmon resonance biosensor for detection of staphylococcal 
enterotoxin B in milk,” International Journal of Food Microbiology, vol. 75, pp. 61–69, 
May 2002. 
 
48. “Encyclopedia of Laser Physics and Technology,” RP Photonics Consulting 
GmbH, Switzerland (www.rp-photonics.com). 
 
 
59 
49. L.A. Coldren, S.W. Corzine, “Diode Lasers and Photonic Integrated Circuits,” 
Wiley-Interscience publication, USA. 
 
50. Jan Bartl, Roman Fira and Vlado Jacko, “Tuning of the laser diode,” 
Measurement Science Review, vol. 2, Section 3, 2002. 
 
51. Application Note#5: “An Overview of Laser Diode Characteristics,” ILX 
Lightwave (www.ilxlightwave.com). 
 
52. Application Note#8: “Mode Hopping in Semiconductor Lasers,” ILX Lightwave 
(www.ilxlightwave.com). 
 
53.  D. R. Lide, ed., “CRC Handbook of Chemistry and Physics,” 87th ed., CRC 
Press, 2007. 
 
54. “User’s guide – LDC-3700B Series Laser diode Controller,” ILX Lightwave 
(www.ilxlightwave.com). 
 
55. “Operating Manual – LDM21 5.6mm/9.6mm Laser Diode Mount,” Thorlabs, Inc. 
(www.thorlabs.com). 
 
56. “HR 4000 Spectrometer Manual,” Ocean Optics (www.oceanoptics.com). 
 
57. G. G. Nenninger, M. Piliarik, and J. Homola, “Data analysis for optical sensors 
based on spectroscopy of surface plasmons,” Measurement Science & Technology, vol. 
13, pp. 2038-2046, Dec 2002. 
 
58. “User Manual LabMax – TOP Laser Power/Energy Meter,” Coherent Inc 
(www.coherentinc.com). 
 
59. “IEEE 488.2 Bus Controllers User’s Manual,” ICS Electronics 
(www.icselect.com). 
 
60. “DAQ M Series User Manual,” National Instruments (www.ni.com/manuals). 
 
 
 
 
 
60 
VITA 
 
The author was born in Indore, Madhya Pradesh, India on September 7, 1985. He 
completed his under-graduation in 2006 from Shri Govindram Seksaria Institute of 
Technology and Science, Indore, India and earned the degree of Bachelor of Engineering 
in Electronics and Communication Engineering. He was awarded the Kentucky Graduate 
Scholarship for the entire duration of his Master’s program at University of Kentucky, 
Lexington. He worked as a Research Assistant at the Department of Electrical and 
Computer Engineering, University of Kentucky, Lexington from May 2008 to December 
2008. 
 
Vaibhav Badjatya 
 
